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The receptor-binding protein pb5T5 of bacteriophage T5, when expressed from the oad gene cloned in pVK88 under the
control of the phage T7 promoter/polymerase system, has been shown to bind to its FhuA receptor on the surface of E.
coli, where it blocks FhuA for subsequent adsorption of T5 (Mondigler et al., FEMS Microbiol. Lett., 130, 293–300, 1995).
In the present study the blocking assay has been applied to analyze the effects of several mutations within oad on the FhuA-
binding properties of corresponding pb5 derivatives. Three classes of mutations were tested: (i) oad deletion derivatives, (ii)
the oad mutation known to interfere with FhuA-binding of T5 (Heller and Bryniok, J. Virol., 49, 20–25, 1984), and (iii) linker-
insertion mutations at a site very close to the oad mutation. Of the corresponding pb5 derivatives only one, a deletion
derivative lacking the 153 C-terminal amino acids, was as active in the blocking assay as wild-type pb5T5. All other derivatives
were inactive or almost inactive. Isolation and molecular characterization of phenotypic revertants of T5oad showed that
all revertants were true genotypic revertants of the oad mutation. The oad mutation has been identified as a G to T exchange
resulting in a substitution of Gly for Trp at position 166 of pb5T5. DNA sequencing of the hrs gene of bacteriophage BF23
and comparing the deduced amino acid sequence of pb5BF23 with that of pb5T5 revealed distinct regions of similarity and
nonsimilarity. We propose that the receptor-binding region of pb5T5 (pb5BF23) is formed by the region of nonsimilarity extending
from amino acid position 89 (88) to position 305 (283). q 1996 Academic Press, Inc.
INTRODUCTION ciple of exposed localization of Rbp is not realized. T5
possesses two types of tail fibers, three L-shaped (LTF)
Host bacteria are recognized by bacteriophages and one central, straight tail fiber (STF) (Saigo, 1978).
through a highly specific interaction between surface- The T5 receptor in the outer membrane of Escherichia
exposed receptors and receptor-binding proteins (Rbp) coli is the FhuA protein (Braun et al., 1973; Kadner et al.,
(for reviews see Beumer et al., 1984; and Heller, 1992). 1980). The LTF mediate reversible binding to polyman-
Usually, Rbp are not only located at exposed sites of the nose O antigens of E. coli (Heller and Braun, 1982). Bind-
phage particle, but the receptor-binding regions within ing is very likely to occur with the tips of the fibers in
the Rbp are located at the most peripheral positions of this case. The STF, formed by ca. six copies of tail protein
these sites (Schwartz, 1976). There are ample examples pb2 (Zweig and Cummings, 1973), does not mediate bind-
for the realization of this principle: (i) The Rbp of T-even ing to FhuA (Heller and Schwarz, 1985). Instead, it ap-
phage are either located at the very distal end of the pears to be involved in the penetration of T5 DNA through
long tail fibers (Henning and Hashelmolhosseini, 1994) the E. coli cell envelope, as suggested by the pore-form-
or form the distal part of the long tail fibers. In the latter ing activity of pb2 (Feucht et al., 1990) and its localization
case receptor recognition occurs with the very tip of the at contact sites between inner and outer membrane of
fibers (Goldberg, 1983). (ii) The receptor-recognizing gpJ E. coli during infection (Guihard et al., 1992). Binding of
of phage l forms the central tail fiber (Katsura, 1983). T5 to FhuA is mediated by tail protein pb5T5 (Heller, 1984).
Initial interaction with the receptor protein LamB occurs Its location within the tail is at the transition from the
with the tip of the fiber (Roessner et al., 1983). (iii) Even conical part of the T5 tail to the STF (Heller and Schwarz,
in the case of filamentous Ff coliphages which do not 1985; Heller, 1992). Thus, pb5T5 does not follow the princi-form explicit attachment structures, the adsorption pro- ple of exposed localization.
tein g3p is part of an adsorption complex at one end of pb5T5 is encoded by the T5 gene oad (Krauel andthe viral filament with the N-terminal region involved in Heller, 1991). The term oad stems from a mutation im-
receptor-binding exposed (Rasched and Oberer, 1986). paired in pb5/FhuA interaction, resulting in an O antigen
Bacteriophage T5 appears to be unique, since the prin- dependent phenotype (Heller and Bryniok, 1984). The
gene has been cloned and sequenced (Krauel and
Heller, 1991). When crossed into the closely T5-related1 To whom correspondence and reprint requests should be ad-
but BtuB-specific phage BF23 to replace the correspond-dressed at Institut fu¨r Mikrobiologie, Bundesanstalt fu¨r Milchforschung,
Postfach 6069, D-24121 Kiel, Germany. Fax: /49/431-609 222. ing hrs gene (host receptor specificity), it changed the
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TABLE 1 and 5 g of NaCl per liter, at 377 with vigorous aeration,
or on LB agar plates (LB medium plus 15 g of agar perBacterial Strains and Phages
liter). For phage propagation Tryptone Broth (TB) agar
Source/ plates, containing 8 g of Bacto-tryptone, 5 g of NaCl, and
Organisms Description reference 15 g of agar per liter, were used. Phage were plated in
TB top agar containg 7.5 g of agar. Antibiotics were used
E. coli strains
in the following final concentrations: ampicillin 50BL21 hsdS gal (lDE3 clts857 ind1 Sam7 Studier and
(amp50) to 100 mg l01 (amp100) and chloramphenicol 30nin5 lacUV5-T7Gen1) [pLysE] Moffat, 1989
BL21/5 Like BL21, but T5 resistant This study mg l01.
AB 2847 aroB, malT, tsx, thi Hantke and Phage lysates were prepared as previously described
Braun, 1975 (Heller and Braun, 1979; Zweig and Cummings, 1973).
F wild type Lanni, 1958
F/21-1 Defective O antigen Heller and
Plasmid constructionBraun, 1982
Phages Construction of pVK88 has been described previously
T5st(H) Wild type, temperature stable Heller, 1984
(Mondigler et al., 1995). It carries the T5 oad gene to-T5oad O antigen dependent Heller and
gether with part of the IS1-1 fragment described recentlyBryniok, 1984
BF23 Wild type Heller, 1984 (Decker et al., 1994).
pMM88xs was obtained by deleting the 150-bp XbaI –
SpeI fragment within the oad gene. The enzymes pro-
duce compatible sticky ends.host receptor specificity of the resulting phage from BtuB
pMM88bb was obtained by deleting the 0.5-kb BglIIto FhuA (Krauel and Heller, 1991). This demonstrated that
fragment of pVK88, resulting in the deletion of 0.46 kbthe two gene products could functionally replace each
within the oad gene including the stop codon. The fusionother. Interestingly, the hrs gene of BF23 did not exhibit
of oad to the 5*-end of the presumptive sciB open readingany DNA homology to oad in Southern hybridization ex-
frame can be neglected owing to the few codons of sciBperiments (Krauel and Heller, 1991).
present on pVK88.Recently, we have expressed pb5T5 at high level from
pMM88aa was constructed by partial digestion ofthe oad gene cloned under the control of the phage T7
pVK88 with AsnI, and isolation from an agarose gel of apromoter/polymerase system. By blocking the FhuA re-
linear fragment of 4.15 kb (AsnI cleaves pT7-3 betweenceptor for subsequent binding of T5, the overproduced
nucleotide positions 2 and 3. The deletion results in apb5T5 was shown to bind to FhuA. Binding was even
reduction of the oad gene by 843 nucleotides.demonstrated for crude cytosolic fractions, obtained from
pMM88ah is a pVK88 derivative with a deletion of theoverproducing cells by desintegration of the cells and
1.04-kb AccI–HindIII fragment. For subsequent religationremoval of particulate material by centrifugation, which
the incompatible sticky ends were filled in by using thevery efficiently blocked binding of T5 to FhuA (Mondigler
Klenow fragment of E. coli DNA polymerase I accordinget al., 1995). This system offers the advantage of studying
to the method of Sambrook et al. (1989). This proceduredirectly the FhuA-binding properties of pb5 derivatives
yields a deletion of 0.97 kb from the oad gene. However,expressed from genetically engineered copies of the
an additional derivative with an even larger deletioncloned oad gene, without depending on the necessity of
(pMM88ah1) was picked up during construction. By re-crossing the oad alleles back into the phage genome.
striction analysis the deletion was shown to extend be-In this communication we analyze the FhuA-binding
yond the AccI site, close to the SpeI site. The ClaI site,properties of pb5T5 derivatives expressed from different
immediately downstream of the HindIII site in pT7-3, wasoad alleles. By comparing these data with the deduced
still accessible to cleavage in both pMM88ah andamino acid sequence of the BF23 pb5 protein encoded
pMM88ah1.by the hrs gene—the nucleotide sequence of which is
also presented in this communication—we define the
Electrophoresis of proteinsreceptor binding regions within the T5 and BF23 pb5
proteins. Proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS–PAGE) ac-
cording to the method described by Laemmli (1970), us-MATERIALS AND METHODS
ing acrylamide concentrations of 10%. Gels were stained
Bacterial strains, phage, media, and growth with Coomassie brillant blue.
conditions
Overexpression of proteins
Bacteria and phages are listed in Table 1. Bacteria
were routinely grown in Luria Broth (LB) medium, con- The procedure follows essentially that described by
Mondigler et al. (1995). For expression of genes carriedtaining 10 g of Bacto-tryptone, 5 g of Bacto-yeast-extract,
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on pT7 plasmids, E. coli BL21/5 was transformed with the determined with the aid of synthetic primers after PCR
amplification of this part of hrs. The two synthetic primersrespective plasmids and grown overnight in LB amp50
medium. The culture was diluted 1:100 into LB amp50 used for amplification bound downstream of the KpnI
restriction site within hrs (position 409) and within themedium and incubated at 377. At an A578 of 0.3, expres-
sion of oad and its derivatives was induced by the addi- very left end of the right terminal repetition upstream of
hrs, respectively. A 1.85-kb PCR product was obtainedtion of 2 mM IPTG. Cells were harvested by centrifugation
2 hr after induction, concentrated 100-fold, disrupted in by this amplification. The DNA sequence of the right
terminal repetition has been published recently (Wiesta French press, and fractionated by centrifugation: Cell
debris was sedimented by centrifugation at 1000 g for and McCorquodale, 1990). Treatment of the PCR product
with T7 gene 6 exonuclease resulted in the formation of10 min and resuspended in 200 ml of phosphate-buffered
saline (PBS). The supernatant fraction was centrifuged single-stranded DNA suitable for sequencing (Ruan and
Fuller, 1991). Sequencing of this single-stranded DNAat 5000 g for 20 min to yield a supernatant, cytosolic
fraction and a membrane fraction, the latter of which was gave one strand of the hrs 5*-end.
For sequencing of the opposite strand different PCRresuspended in 100 ml of PBS. E. coli BL21/5 was used
for these experiments to avoid contamination with FhuA products were amplified: With primers binding down-
stream of the BamHI restriction site (position 934) of hrsreceptors present in unsedimented membrane particles.
and primers binding upstream of the KpnI site (position
Phage adsorption 409) and the hrs start codon (position 1) products with
sizes of 0.8 and 1.1 kbp, respectively, were amplified.An overnight culture of E. coli AB2847 grown in LB
After T7 gene 6 exonuclease treatment, several indepen-was diluted 1:100 into fresh, prewarmed medium. At an
dently amplified PCR products were directly sequencedA578 of 0.3, cells from 2 ml of this culture were sedimented
with the aid of synthetic primers.and resuspended either in 100 ml of soluble fraction,
For sequencing both strands of the oad gene carryingeach containing one of the pb5 derivatives, or in 100 ml
the oad mutation, two primer pairs were used for PCR.of PBS for a control. After preincubation at 307 for 15 min,
One pair amplified the region between nucleotide posi-10 ml of a T5 solution (titer: 3 1 108) were added to 90
tions 103 and 1061 and the other 618 and 1441 of theml of preincubated cells. At 2, 5, 10, and 20 min after
published oad sequence (Krauel and Heller, 1991). Afteraddition of phages, 10-ml aliquots were taken, diluted
T7 gene 6 exonuclease treatment, the overlapping region500-fold in ice-cold PBS, vortexed intensively to stop
of both fragments was sequenced with the aid of two ofphage adsorption, and centrifuged at 1000 g for 5 min
the primers used for amplification.to spin down cells together with adsorbed phages. The
DNA sequence analyses were done with the computer100-ml aliquots of the supernatant fluid containing free,
programms FASTA (Pearson and Lipman, 1988) and CY-unadsorbed phages were plated onto TB agar plates
CLONE (A. Reidl, unpublished).together with 200 ml of E. coli AB2847 (A578  1.0) in 4
The nucleotide sequence of hrs has been assignedml TB top agar.
Genome Sequence Data Base Accession Number
L42820.DNA isolation
For preparative isolation of plasmid DNA, the method
Further techniques
described by Sambrook et al. (1989) was followed. Isola-
tion of DNA fragments from agarose gels was done either Transformation of plasmids, separation of restriction
with the Geneclean kit (Bio 101) or the Qiaex kit (Qiagen), fragments by agarose gel electrophoresis, and filling in
according to the manuals of the producers. Isolation of of sticky ends was done according to Sambrook et al.
phage DNA has been described previously (Krauel and (1989). The insertion of hexanucleotide- (TAB-) linkers
Heller, 1991). was carried out as described by Barany (1985).
DNA sequencing
RESULTS
DNA sequencing was performed by the enzymatic
method of Sanger et al. (1977) using [a-35S]ATP for Four different approaches were applied to localize
within the receptor binding proteins of phages T5 andlabeling.
The 1.45-kb HindIII– KpnI fragment of BF23 DNA was BF23 (pb5T5 and pb5BF23, respectively) those regions re-
sponsible for binding to the receptors FhuA and BtuB.cloned into M13mp18 and M13mp19 (Messing and Viera,
1982), respectively, and sequenced completely on both The first approach was to delete different restriction
fragments from plasmid pVK88 carrying the oad genestrands with the aid of synthetic primers. For chain elon-
gation by the Klenow fragment of DNA polymerase I, the (Krauel and Heller, 1991) and to test the resulting pb5T5
deletion derivatives for their FhuA receptor-binding prop-sequencing kit from Amersham Corporation was used.
The nucleotide sequence of the 5*-part of hrs was also erties. This approach was possible, since we recently
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demonstrated binding to FhuA of overproduced pb5T5 pb5T5. While 100% inhibition of T5 adsorption was ob-
served by pb5T5 and pb5bb, the other derivatives pb5ah,(Mondigler et al., 1995).
The second approach was to characterize, by DNA pb5xs, and pb5aa did not exhibit any binding to FhuA; i.e.,
T5 adsorption was not affected at all (Fig. 1).sequencing, the mutation known to be located within the
oad gene and to affect binding of T5 to its FhuA receptor
Localization of the oad mutationprotein (Heller and Bryniok, 1984; Krauel and Heller,
1991). After cloning of the mutation the corresponding
To localize the oad mutation within the oad gene,
pb5 derivative was assayed for FhuA binding.
marker rescue experiments were performed. E. coli F
The third approach was to construct in-frame linker-
cells, bearing one of the deletion plasmids, were infected
insertion mutations within oad, yielding amino acid inser-
with T5oad. Progeny phages were grown on E. coli F to
tions within the assumed receptor binding region of
allow for phenotypic expression. Phage lysates obtained
pb5T5. The effect of these insertions on the FhuA-binding were plated onto E. coli F and F/21-1, respectively, and
properties of the derivatives was tested.
the efficiencies of plating (eop) were determined. While
The fourth approach was to sequence the hrs gene of
the efficiency of plating of T5oad on F/21-1 without
phage BF23 and to compare the deduced amino acid
marker rescue was about 0.0002 (compared to 1 for E.
sequence of pb5BF23 to that of pb5T5. The assumption was coli F), plasmids pVK88, pMM88bb, and pMM88ah gave
that regions with similar amino acid sequences should
reasonable marker rescue values, increasing the effi-
be involved in the assembly of both pb5 proteins into the
ciencies of plating on F/21-1 of the respective T5oad
tail structure, whereas regions with different amino acid
lysates by factors of ca. 100 to values around 0.03. Only
sequences should be involved in receptor recognition.
little marker rescue was seen for pMM88xs (eop of 0.005)
and no marker rescue at all for pMM88ah1 (eop of
The C-terminal 153 amino acids of pb5T5 are not 0.0001). These results placed the oad mutation to the
essential for binding to FhuA right of the SpeI site and close to the left end of the
region covered by the deletion present on plasmid
Plasmid pVK88 is a pT7-3 derivative which carries a
pMM88ah1 (Fig. 1). By sequencing several independently
promoter-less oad gene cloned under the control of the
amplified PCR products of this region, the oad mutation
T7 F10 promoter (Mondigler et al., 1995). Five oad deriva-
was identified as a G to T exchange at position 771 of
tives were constructed by deleting different restriction
the oad gene (Krauel and Heller, 1991), resulting in the
fragments from pVK88 (see Materials and Methods). De-
substitution of a Gly for a Trp at aa position 166 of pb5T5.letion of the correct fragments was controlled by restric-
tion analyses of the resulting plasmids (Fig. 1). Four of Cloning of the oad mutation into pVK88 and
the pb5T5 deletion derivatives were overproduced using overproduction of pb5oadthe T7-polymerase/promoter system of Tabor and Rich-
ardson (1985) and identified by SDS–PAGE (Fig. 2). Ac- To clone the oad mutation, the region between nucleo-
tide 103 and 1061 of the published sequence of the T5cording to the sizes of the deletions within the oad gene,
the following molecular masses were expected for the oad gene (Krauel and Heller, 1991) was amplified by
PCR, followed by digestion with restriction enzymes SpeItruncated pb5T5 derivatives: pb5xs, 65 kDa; pb5bb, 54 kDa;
pb5aa, 39 kDa; pb5ah, 35 kDa. In this calculation we did and SacI. The 319-bp SpeI/SacI fragment was ligated
into SpeI/SacI-treated pVK88. After transformation intonot have to take into account the possibilities of creating
fusions between the oad open reading frame and open E. coli BL21, plasmids from several transformants were
analyzed by sequencing double-stranded DNA, using areading frames of the vector plasmid, since there are
nonsense codons in all three readings frames within the synthetic primer binding about 70 nucleotides upstream
of the SpeI site to the noncoding strand. Thus, the entirefirst 40 nucleotides downstream of the HindIII site in pT7-
3 (Tabor and Richardson, 1985). The molecular masses of SpeI/SacI fragment was sequenced on that one strand.
One of the plasmids, showing in comparison to pVK88the truncated pb5T5 derivatives, as determined by SDS –
PAGE, were in good agreement with the expected molec- no other alteration except the oad mutation, was named
pTH88ss and used for further experiments. The amountular masses deduced from the constructions of the dele-
tions (Fig. 2). of pb5oad produced upon IPTG induction and its distribu-
tion between soluble and particulate cellular fractionThe pb5T5 derivatives were analyzed for their FhuA-
binding properties. This was done by using undiluted were indistinguishable from pb5T5 expressed from
pVK88.cytosolic fractions for inhibition of T5 adsorption (as de-
scribed under Materials and Methods). The effectiveness When tested for binding to FhuA, an undiluted cytosolic
preparation of pb5oad inhibited binding of T5 by ca. 15%.of this procedure has recently been demonstrated for
overproduced pb5T5 (Mondigler et al., 1995). Of the pb5 Under the same conditions, a 1:30 dilution of a cytosolic
preparation of pb5T5 exhibited 100% inhibition of T5 ad-derivatives tested, only pb5bb was able to bind to the
FhuA receptor with the same efficiency as wild-type sorption.
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FIG. 1. Construction of deletions affecting the cloned oad gene and binding of the corresponding pb5 deletion derivatives to FhuA. Deletions
were constructed in pVK88, carrying the wt oad gene. Restriction maps are shown with the start and stop sites of oad indicated by ATG and TAA,
respectively. Downstream of the TAA stop codon additional T5 DNA up to the HindIII site used for cloning into pT7-5 is indicated. Deleted restriction
fragments are shown by D. Restriction sites used for deletion construction but no longer accessible after ligation are shown in parentheses. In
pMM88ah1 the left end of the deletion is not known exactly. Binding of the gene products of the oad deletion derivatives was tested by blocking
binding of T5 to E. coli fhuA/ cells.
To test whether the FhuA-binding defect of pb5oad
could be compensated by additional mutations in the
vicinity of the oad mutation, phenotypic revertants of
T5oad were isolated. Such revertants, which show the
same efficiency of plating on F/21-1 as wt T5, are easily
isolated after plating T5oad on E. coli F/21-1. From seven
such revertants DNA was isolated and the region around
the oad mutation was sequenced after PCR amplification.
All revertants proved to be true genotypic revertants,
showing the wild type Gly residue at position 771 of the
oad gene (Krauel and Heller, 1991).
Construction of linker-insertion mutations within oad
The cleavage site for HincII between nucleotides 747
and 748 within the published sequence of the oad gene
(Krauel and Heller, 1991) is located 23 nucleotides up-
stream of the oad mutation. A phosphorylated, double-
stranded, synthetic ApaI linker of 6 bp was ligated into
this site, using pVK88 linearized by partial digestion with
HincII. A second HincII site is located within the bla geneFIG. 2. Overexpression of pb5T5 deletion derivatives. pb5 derivatives
obtained by deletion construction within pVK88 were overproduced by of pVK88. Since selection of transformants was for amp
IPTG induction. After disruption of cells, removal of cell debris, and resistance, insertion into bla was unlikely. Plasmids iso-
separation into cytosolic and membrane fractions, the latter fractions, lated from transformants were screened for the presence
containing the highest contents of overproduced proteins (Krauel and
of an ApaI site. Double-strand sequencing of the regionHeller, 1991; Mondigler et al., 1995), were subjected to SDS–PAGE (see
between nucleotides 700 and 840 of one of the plasmids,Materials and Methods). Apparent molecular masses are indicated in
the left and protein designations in the right margin. called pTH88a2, revealed the insertion of two ApaI link-
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FIG. 3. Organization of the BF23 genome, location of the hrs gene, and DNA fragments used for sequencing. The organization with respect to
the time course of gene expression of the 116-kb genome is shown at the top. The terminal redundancies harboring pre-early genes are indicated
by thick lines. The region of hrs location near the boundary of late and pre-early genes is shown enlarged at the bottom. The direction of hrs
transcription is indicated by the arrow. Again, the small part of the right terminal redundancy (rTR) shown is indicated by the thick line. The two
DNA fragments used for sequencing are at the bottom of the figure. Fragment a is the HindIII–KpnI fragment cloned into M13 phages mp18 and
19. Fragment b is a PCR amplification product used for sequencing without prior cloning. Sequencing was done with the aid of dideoxy nucleotides
and synthetic primers for walking.
ers into the HincII site within the oad gene. By ApaI some binding site (GGAGA) (Shine and Dalgarno, 1974)
digestion and religation of pTH88a2, plasmid pTH88a1 is seen five nucleotides upstream of the hrs start codon.
containing one ApaI linker was isolated and checked The frame stops with a TAA codon 68 nucleotides up-
by double-stranded DNA sequencing. The amino acid stream of the HindIII site. Comparison of the nucleotide
sequence of the oad gene was altered from 156GlyCysGln- sequence of hrs with that of oad confirmed the previous
HisMet160 to 156GlyCysArgAlaGlnHisMet162 and 156GlyCys- finding that the genes are not homologous (Krauel and
ArgAlaArgAlaGlnHisMet164 in pTH88a1 and pTH88a2, re- Heller, 1991). Only the last 17 nucleotides at the 3* end
spectively. are identical.
After induction of cells bearing pTH88a1 and pTH88a2, The 595 amino acids of pb5BF23 encoded by the hrs
respectively, cytosolic extracts were tested for their inhib- gene determine a protein with a molecular mass of ap-
itory activities on T5 adsorption. Undiluted extracts inhib- proximately 64 kDa. In SDS–PAGE, pb5BF23 has an appar-
ited T5 adsorption by 18% (pTH88a1) or 11% (pTH88a2). ent mass of 60 kDa (Heller, 1984).
However, while a 1:10 dilution of an extract from Compared with E. coli proteins (Schulz and Schirmer,
pTH88a1-bearing cells still showed ca. 10% inhibition, 1985), pb5BF23 shows remarkably high content of Gly
the same dilution of an extract from pTH88a2-bearing (11.4%), Ser (9.9%), Thr (7.6%), and Tyr (5.0%), similar to
cells was inactive. Under the same conditions a 1:30 pb5T5. Codon usage reflects the high A / T content of
dilution of a cytosolic preparation from cells bearing BF23 DNA: 72% of the 595 codons of the hrs gene end
pVK88 exhibited 100% inhibition of T5 adsorption. with A or T residues, with the highest preference (45%)
for codons ending with T. The same has been observed
Pb5BF23 shows at its N- and C-terminal ends similarity with different genes of phage T5, the D15 gene encoding
to pb5T5 5* exonuclease (Kaliman et al., 1986), the D7-8-9 gene
encoding DNA polymerase (Leavitt and Ito, 1989), andThe nucleotide sequence of hrs was determined on
the oad gene (Krauel and Heller, 1991).both strands. Like the corresponding oad gene of phage
A search of the EMBL database revealed significantT5, hrs is orientated from right to left on the BF23 genome
similarity of pb5BF23 only to pb5T5. Amino acid comparison(Fig. 3). The nucleotide sequence of hrs has a G / C
between pb5BF23 and pb5T5 using the LFASTA programcontent of 40%. This is considerably lower than the 50%
(Pearson and Lipman, 1988) revealed several regions ofG / C content of E. coli DNA (Marmur and Doty, 1962).
similarities within the N-terminal 90 amino acids and theHowever, it corresponds to the 38% determined for the
C-terminal halves of the proteins (Fig. 4). The largestT5 oad gene (Krauel and Heller, 1991). The hrs open
region of nonsimilarity was located within the N-terminalreading frame is composed of 1785 nucleotides, encod-
ing a polypeptide of 595 amino acids. A possible ribo- half of the pb5 proteins. In the case of pb5T5 it extended
AID VY 7823 / 6a13$$$683 04-04-96 13:18:24 vira AP: Virology
25T5 AND BF23 RECEPTOR-BINDING PROTEINS
FIG. 4. Comparison of the deduced aa sequences of the T5 and BF23 receptor binding proteins pb5. The program CLUSTAL (Higgins and Sharp,
1988) was used for alignment of both sequences. Identical amino acids are indicated by asterisks. Regions of high similarities are underlined.
Gaps are indicated by dashes. Start and end points of constructed deletions are indicated by bars and arrows and the designation of the deletion.
The insertion within oad of the two amino acids Arg and Ala (named a1) between positions 157 and 158 is shown by the arrow pointing downward.
The upward pointing, outlined arrow at position 166 indicates the position of the oad mutation with the exchange of a Gly r Trp. The sequence of
5 amino acids identical between pb5T5 and colicin M is indicated by asterisks above the pb5T5 sequence. However, the similarity may be accidental
(see Discussion). The numbers to the right show the amino acid numbers for pb5T5 and pb5BF23, respectively.
from amino acid position 89 to position 305 and in the range phage mutations and comparison of the amino acid
case of pb5BF23 from position 88 to position 283. Second- sequences of Rbp’s from closely related phages differing
ary structure prediction, using the algorithm of Chou and in host-range. This approach has been successfully applied
Fasman (1978), suggested that both proteins contained to the T-even-type coliphages by Henning and co-workers
mostly b-sheet and turn structures and only little a-helix. (see Henning and Hashemolhosseini, 1994). However, one
drawback of this approach is that the selection is biased
for functional proteins, since only viable phage can be ana-DISCUSSION
lyzed. Furthermore, many of the host-range mutants ob-
tained are actually ‘‘trigger-happy’’ phages with extendedIdentification of receptor-binding regions of phage-en-
host-ranges, unaltered in their receptor-binding propertiescoded Rbp’s has so far mostly relied on the combined
approach of molecular characterization of selected host- (Goldberg, 1983; Drexler et al., 1989).
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For the filamentous phages such limitations do not The linker insertion mutations tested appear to support
the results obtained with pb5oad. The insertions are lo-exist. Their DNAs can be handled like plasmids. Phage-
specific functions which are not needed for DNA replica- cated only eight amino acids apart from the oad mutation
and render the corresponding pb5 derivatives almost in-tion may be knocked out and the effect of such knock-
out mutations may be analyzed after transformation and active for binding to FhuA. However, since no in vivo data
with phages carrying these insertions are available soproduction of defective phage particles (Stengele et al.,
1990). far, the possibility of the insertions causing structural
effects cannot be ruled out.The approach presented in this paper is different.
Overproduced pb5T5 and mutationally altered pb5T5 deriv-
atives were used in an in vitro assay blocking the recep- Nucleotide and deduced amino acid sequence of the
tor protein FhuA for phage T5 adsorption (Mondigler et BF23 hrs gene
al., 1995).
Bacteriophages T5 and BF23 are closely related
Analyses of pb5T5 derivatives (Heller, 1984), but use different receptors for irreversible
adsorption (Braun et al., 1973; Kadner and Liggins, 1973).Of four pb5T5 deletion derivatives tested, only pb5bb
lacking the C-terminal 153 amino acids, was able to bind No hybridization occurs between the oad gene of T5 and
the hrs gene of BF23 (Krauel and Heller, 1991). However,to FhuA, indicating dispensability of the C-terminal 153
amino acids of pb5T5 for receptor binding. The other three both gene products are able to functionally replace each
other within the T5 and BF23 phage tails (Krauel andderivatives did not inhibit binding of T5 at all. We did
not explicitly rule out that the derivatives incapable of Heller, 1991; Heller, 1984). Comparison of the deduced
amino acid sequences of pb5T5 (Krauel and Heller, 1991)inhibiting T5 adsorption tended to aggregate to a greater
degree or were proteolytically more unstable than pb5T5 and pb5BF23 revealed regions of high similarity between
the proteins, which may be responsible for the assemblyand pb5bb. However, when following SDS–PAGE expres-
sion, and cellular distribution of pb5T5 and its derivatives, of the proteins into the phage tails. In contrast, regions
of pb5T5 lacking significant similarity with pb5BF23 mayonly pb5ah1 appeared to be proteolytically unstable, since
degradation products were readily visible and a protein be involved in interaction with FhuA. The following five
regions of pb5T5 and pb5BF23 could therefore participateband corresponding to the calculated molecular mass
was hardly detected. All other derivatives, when com- in receptor recognition (aa positions of pb5BF23 are shown
in brackets): region 1; aa positions 41 (42) through 66pared to pb5T5, were expressed in about equal amounts
and showed the same distribution as pb5T6 between sol- (65); region 2, 89 (88) through 305 (283); region 3, 361
(339) through 412 (385); region 4, 461 (434) through 545uble and particulate cellular fractions.
The deletion approach is rather limited. Inactive deriv- (516); region 5, 562 (533) through 628 (583).
Because more than half of region 4 and all of regionatives, even if they contain the receptor-binding region,
may be inactive due to physical or structural alterations 5 were deleted in the truncated derivative pb5bb, which
still was able to bind to FhuA, these regions should notindirectly affecting this region. Therefore, pb5T5 deriva-
tives with less drastic alterations were analyzed. The be involved in receptor recognition. Of the three regions
of nonsimilarity, region 2 most likely forms the receptor-first one, pb5oad, is characterized by a single amino acid
exchange (Gly to Trp at amino acid position 166). It has binding region for the following reasons: (1). A consider-
able part of region 2 has been deleted in derivative pb5xs ,been identified in phage T5oad as a naturally occuring
derivative which leaves the phage dependent on O anti- which is inactive in binding to FhuA (2). The oad mutation
and the linker insertions which drastically impair the re-gen interaction for infection (Heller and Bryniok, 1984).
The overexpressed protein hardly blocks T5 adsorption, ceptor-binding activity of pb5T5 are located within region
2 (3). The size of region 2 (approximately 200 aminothus confirming its poor affinity for FhuA. Since pb5oad is
fully functional in phage assembly and—provided LTF- acids) appears to be sufficiently large to contain the re-
ceptor-binding region, since corresponding regions ofmediated O antigen interaction is possible—also in in-
fection, it is likely that pb5oad does not have a grossly receptor-binding proteins of other bacteriophages are
between 80 and 120 amino acids in size (Drexler et al.,impaired structure in comparison to pb5T5. Therefore, the
Gly166Trp mutation of pb5oad may be considered to be 1989, Montag et al., 1990; Endemann et al., 1992).
Colicin M is one of the ligands competing with T5located within the receptor-binding region and directly
involved in binding. This is further supported by the fact for binding to FhuA (Hoffmann et al., 1986). Amino acid
positions 205–209 of colicin M (Ko¨ck et al., 1987) andthat only exact reversions of the oad mutation and no
suppressor mutations were identified when phages with 198–202 of pb5T5 are identical. However, it has recently
been shown that region 205–209 is part of the activitywild-type adsorption phenotype were isolated from
T5oad. Suppressor mutations would have been more domain and not of the receptor-binding domain of colicin
M (Pilsl et al., 1993).likely to occur if the oad mutation impaired binding indi-
rectly by changing the structure of the binding region. Inspection of secondary structure prediction and of
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quence of the tail fiber genes of bacteriophage P2: Evidence foramino acid distribution did not reveal any unique prop-
horizontal transfer of tail fiber genes among unrelated bacterio-erty of the receptor-binding regions of pb5T5 and pb5BF23 phages. J. Bacteriol. 174, 1462–1477.
as compared to the other regions of the pb5 proteins. Hantke, K., and Braun, V. (1975). A function common to iron–entero-
Furthermore, no similarities to receptor-binding proteins chelin transport and action of colicins B, I, V in Escherichia coli.
FEBS Lett. 59, 277–281.of other bacteriophages could be detected (Haggard-
Heller, K. J. (1984). Identification of the phage gene for host receptorLjungquist et al., 1992). The latter may not be surprising,
specificity by analyzing hybrid phages of T5 and BF23. Virology 139,since receptor-binding proteins of other phages are usu-
11–21.
ally organized as fibers. The pb5 proteins, in contrast, Heller, K. J. (1992). Molecular interaction between bacteriophage and
are located at the transition between the conical part of the Gram-negative cell envelope. Arch. Microbiol. 158, 235–248.
Heller, K. J., and Braun, V. (1979). Accelerated adsorption of bacterio-the head and the central tail fiber (Heller and Schwarz,
phage T5 to Escherichia coli F, resulting from reversible tail fiber-1985) and, therefore, most likely form globular proteins.
lipopolysaccharide binding. J. Bacteriol. 139, 32–38.This is supported by a low predicted a-helix and a high
Heller, K. J., and Braun, V. (1982). Polymannose O antigens of Esche-
predicted b-turn content. richia coli, the binding sites for the reversible adsorption of bacterio-
Binding sites of T5 within FhuA have recently been phage T5/ via the L-shaped tail fibers. J. Virol. 41, 222–227.
Heller, K. J., and Bryniok, D. (1984). O antigen-dependent mutant ofproposed by Killmann et al. (1995) on the basis of inactivi-
bacteriophage T5. J. Virol. 49, 20–25.ation of T5 with hexapeptides derived from the FhuA
Heller, K. J., and Schwarz, H. (1985). Irreversible binding to the receptoramino acid sequence. Based on the data presented in
of bacteriophages T5 and BF23 does not occur with the tip of the
this communication, the same approach, using hexapep- tail. J. Bacteriol. 162, 621–625.
tides derived from the pb5T5 amino acid sequence for Henning, U., and Hashemolhosseini, S. (1994). Receptor recognition by
T-even-type coliphages. In ‘‘Molecular Biology of Bacteriophage T4’’blocking FhuA for T5 adsorption, may be applied for a
(J. D. Karam, Ed.), pp. 291–298. American Society for Microbiology,further refined localization of the actual receptor-binding
Washington.region of pb5T5. Higgins, D. G., and Sharp, P. M. (1988). CLUSTAL: A package for per-
forming multiple sequence alignments on a microcomputer. Gene
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